We examine the question of the origin of the Galactic cosmic-rays (GCRs) in the light of the data available at the highest energy end of the spectrum. We argue that the data of the Pierre Auger Observatory and of the KASCADEGrande experiment suggest that the transition between the Galactic and the extragalactic components takes place at the energy of the ankle in the all-particle cosmic-ray spectrum, and at an energy of the order of 10 17 eV for protons. Such a high energy for Galactic protons appears difficult to reconcile with the general view that GCRs are accelerated by the standard diffusive shock acceleration process at the forward shock of individual supernova remnants (SNRs). We also review various difficulties of the standard SNR-GCR connection, related to the evolution of the light element abundances and to significant isotopic anomalies. We point out that most of the power injected by the supernovae in the Galaxy is actually released inside superbubbles, which may thus play an important role in the origin of cosmic-rays, and could solve some persistent problems of the standard SNR-GCR scenario in a rather natural way.
Introduction
The main reason why the origin of cosmic rays (CRs) is still unknown, one century after their discovery, is that they are charged nuclei isotropized by the turbulent magnetic field in the Galaxy to such a high degree that their observed flux is essentially identical in all directions, with no sources or decisive hot spots identified in any region the sky (cf. below, Sect. 2). This is all the more frustrating that CRs play a central role in what may be called the Galactic ecology. They are indeed one of the main components of the Galaxy, with an energy density comparable to that of the magnetic field and of stellar light, which makes them key actors of the dynamical equilibrium between the different phases of the interstellar medium (ISM). Galactic cosmic rays (GCRs) play a major role in the heating and ionization of the ISM, and therefore also in the regulation of star formation. In addition, they take part in the complex chemical processes at work in the ISM, and they are responsible for the nucleosynthesis of the so-called light elements (lithium, beryllium and boron). Most 7 Li nuclei, and every nucleus of 6 Li, Be and B in the Galaxy are thought to have been produced by the interaction of CRs with the ISM over the lifetime of the Galaxy.
The longstanding quest for the origin of CRs is not only motivated by the desire to obtain a more complete description of the Galactic ecology. It is also related to the wish to better understand particle acceleration in general, which is a key ingredient of the modeling of high-energy astrophysical sources. These sources are generally studied through their multi-wavelength, nonthermal emission, resulting from the interaction of energetic particles accelerated in situ with the ambient matter, photons or magnetic field.
In most cases, the locally accelerated particles exhibit a power-law spectrum which is reminiscent of that observed for the GCRs (after deconvolution of the CR propagation effects). However, one should keep in mind arXiv:1410.2655v1 [astro-ph.HE] 9 Oct 2014 that being able to accelerate nuclei with a power-law spectrum is not enough to make a source or a class of sources an important contributor to the GCRs. Solving the mystery of the CR origin will require understanding the CR phenomenon globally, in all its aspects, which includes the energy spectrum and maximum energy, as well as the composition and anisotropies over the whole range of energies, and in addition their contribution to the above-mentioned processes. In turn, the study of these processes influenced by the GCRs can provide important information and constraints about their sources, which may not have received enough attention yet.
Another way to obtain additional constraints about the cosmic-ray sources is to study the highest-energy end of the spectrum, where the acceleration mechanisms appear to be the most challenging. While the so-called ultra-high-energy cosmic rays (UHECRs), with energies above ∼ 10 19 eV, are most likely to have an extragalactic origin, their much larger magnetic rigidity than the low-energy GCRs may allow the observation of distinct sources in the sky, and provide more direct information about their nature. Moreover, the study of the transition between the Galactic and extragalactic cosmic rays (EGCRs) is important to derive constraints about the highest-energy particles accelerated in our Galaxy, which might in turn challenge the most popular scenarios for the origin of GCRs.
In this paper, we briefly review some of the implications of the currently available data about high-energy cosmic rays, and discuss their relevance to the general problem of identifying the origin of GCRs. We also call into play the fact that the main part of the supernova power injected in the Galaxy is released inside superbubbles, where collective acceleration processes may modify the standard view regarding the link between supernova remnants (SNRs) and the GCRs, which we refer to as the SNR-GCR connection.
UHECRs: basic phenomenology and key results
The central element in the phenomenology of UHECRs is the so-called GZK effect, described by Greisen [1] and by Zatsepin and Kuzmin [2] just a few weeks after the discovery of the cosmological microwave background (CMB). The GZK effect follows from the interaction of the UHECRs with the extragalactic photon backgrounds. In the case of UHE protons, the dominant interaction is with the CMB photons: it leads to the production of electron-positron pairs for protons with energies above ∼ 10 18 eV, and to the production of pions for protons above ∼ 5 × 10 19 eV. These photoproduction processes are of course accompanied with energy losses. In the case of UHE nuclei, the dominant interaction is with the CMB as well as with the infrared background (depending on the energy range). The resulting photo-dissociation leaves the incoming UHE nuclei with one or a few nucleons less, at essentially the same Lorentz factor. While propagating across the universe, the UHE nuclei are thus subject to a photoerosion which reduces their mass number as well as their energy. For a detailed review on UHECR propagation, see e.g. [3] and references therein.
The basic consequence of these processes is the existence of an energy-dependent and mass-dependent cosmic horizon, beyond which the particles of a given energy cannot propagate without losing a significant fraction of their initial energy, as well as being photodissociated into low mass nuclei (and eventually into protons), in the case of heavier nuclei. Conversely, an observer on Earth (or at any place in the universe) can only see UHECR sources located within a horizon whose radius depends on the nuclear type and energy of the injected particle. This dependence determines what may be called the horizon structure of the UHECRs. It can be easily computed through Monte-Carlo propagation codes, provided that the interaction cross sections and the photon backgrounds are known (with some dependence also on the assumed source distribution around the observer) [4, 5, 6, 7] .
Because of the GZK effect, the number of sources contributing to the observed UHECR flux decreases with increasing energy, as illustrated in Fig. 1 for different UHECR source models. As can be seen, this decrease is very sharp around 50-80 EeV, which corresponds to the onset of the photo-pion production in proton-CMB interactions, or to the photo-dissociation of Fe nuclei, if the UHECRs are dominated by heavier nuclei (see [8] for more details on UHECR source statistics). This sharp reduction of the number of contributing sources results in a sharp decrease of the observed UHECR flux, referred to as the GZK cutoff, above ∼ 6 × 10 19 eV (see [9] and references therein for a recent review on UHECRs).
Such a cutoff is indeed observed in the UHECR data [10, 11, 12, 13] . However, since the horizon structure happens to be very similar for protons and for Fe nuclei, the high-energy end of the cosmic-ray spectrum can be fitted with a wide range of astrophysical models, with a dominant component of protons or with heavier nuclei, so that it cannot be used to gain any decisive information about the sources. In addition, the observed cutoff in the spectrum may also be the mere signature of the maximum energy reached by the accelerated particles in the sources. Number of sources contributing to the flux of UHECRs observed on Earth above a given energy E, as a function of that energy (in abscissa), for different UHECR source scenarios. Left: for a mixed-composition scenario, assuming different source densities; right: for different source compositions, with a source density of 10 −5 Mpc −3 (see [8] for details).
More information has been provided by the composition measurements and the study of UHECR anisotropies. The Auger data [14] have revealed a change in the properties of the UHECR-induced atmospheric showers, which is most naturally interpreted as a change in the composition of the cosmic rays, from a light composition (typically dominated by protons) to a heavy composition, in an energy range between a few 10 18 eV and a few 10 19 eV.
Such a behavior could be a natural consequence of the existence of a relatively low energy cutoff in most UHECR sources. This is the central idea of the so-called "low proton E max " models, in which the sources accelerate protons up to a maximum energy E max (p) of the order of 4-10 EeV, while the heavier nuclei with charge number Z i exhibit a cut-off at the same rigidity, i.e. at an energy Z i times larger [15, 16, 3] . In such scenarios, the cutoff observed in the UHECR spectrum above 60-80 EeV would be essentially the GZK cutoff of the Fe nuclei, since the intermediate nuclei between protons and Fe have a GZK cutoff at lower energy.
The other important piece of information provided by the Auger data and the Telescope Array (TA) data is the absence of any clear anisotropy, notably on small angular scales, which would give direct information about the UHECR sources, or at least allow one to isolate the main sources over the sky. Even though the total exposure of the sky in the Northern hemisphere by TA is smaller than that in the Southern hemisphere by Auger, the most significant structure in the UHECR arrival direction distribution seems to be the so-called TA hotspot above 57 EeV, with 5.1σ pretrial significance, and 3.4σ significance after penalizing for the scanning in position [17] . However, the corresponding possible enhancement of the flux in a given direction has an angular scale of the order of 20 degrees, which currently does not allow to identify a source, nor to attribute this putative excess, if confirmed, to a single source or localized cluster of sources. The Pierre Auger Collaboration (hereafter "Auger") has also reported an excess of correlation between the arrival direction of UHECRs above ∼ 55 EeV and the position of nearby AGNs, on a small angular scale of 3 degrees [18, 19] . However, the corresponding signal could not reach a high significance level, and did not increase in the following years, despite the large increase in statistics. Moreover, no excess in the auto-correlation function of the UHECR arrival directions could be detected on smallangular scales, where one would expect to detect multiplets of protons coming from single sources. This gives additional support to the interpretation of the composition data in terms of a transition towards heavy nuclei at the highest energies, especially if one keeps in mind that the most intense sources of UHECRs must already have contributed several events above 60 EeV [8] : these would show as actual small angular scale clusters in the Auger and/or TA sky maps if most of them were protons. If the first one is softer than the second, an ankle is produced. If the second one is harder than the first, no smooth transition is obtained, unless the second one only starts above a given energy, which must happen to be where the first one ends, and at this coincidental energy, the two components must in addition have a similar flux.
About the GCR/EGCR transition
The above interpretation of the UHECR data in terms of a low-energy cutoff of the protons in the sources should be regarded more as a framework than as a fully definite model. First, it should not be expected that all sources behave in exactly the same way, with the same spectrum, maximum energy and composition, as usually assumed, lacking better knowledge. Second, the source distribution in the vicinity of the Earthwhich includes not only the local source density, but also the actual location and intrinsic power of the individual sources -, plays a role in shaping the UHECR spectrum and influencing the composition and the distribution events over the sky (see [20] for further discussion on the so-called cosmic variance). However, it is likely that the low proton E max framework catches some important aspects of the UHECR phenomenology, as revealed by the most recent data.
One important teaching of this framework is that the source spectrum of the extragalactic UHECRs is probably much harder than what had been derived under the oversimplifying assumption of a pure-proton model. Assuming that the source spectrum can be approximated by a power-law, the logarithmic index of this power law should be smaller than 2, and possibly as low as 1.5 [3, 20, 21] .
An important consequence of such a hard spectrum is that the extragalactic component responsible for the bulk of the UHECRs above, say, 10 19 eV, cannot dominate the cosmic ray flux much below the spectral break referred to as the ankle, at ∼ 3 × 10 18 eV (see also [22, 23] ). This has a direct implication for the sources of the GCRs: at least some of the cosmic-ray sources in our Galaxy must be able to accelerate particles up to ∼ 3 × 10 18 eV or above. This is very challenging for most of the sources investigated in the case of protons.
However, if the highest-energy end of the GCR spectrum is dominated by heavy nuclei, as suggested by the available data, the maximum energy reached by the protons in the GCR sources does not need to be so large. In the most standard acceleration scenarios, the maximum energy of different nuclei corresponds to the same maximum rigidity, and is thus proportional to the charge, Z, for fully ionized nuclei. Among the heavy nuclei at the high-energy end of the GCR spectrum, the most abundant are expected to be Fe nuclei. The existence of Galactic Fe nuclei at the ankle, i.e. at ∼ 3 × 10 18 eV, would thus imply that (at least some) GCR sources accelerate protons up to ∼ 10 17 eV (or possibly above).
The question of the GCR/EGCR transition thus appears as an important question for the understanding of both the GCRs and the UHECRs.
In this respect, an interesting piece of information is added by the observational results recently published by the KASCADE-Grande collaboration ( [24, 25] , and see also [26] ). In their data, they are able to select atmospheric showers with characteristics (muon number vs. size) which make it more probable that they have been induced by a light, rather than a heavy nucleus. According to the latest KASCADE-Grande data, when selecting the CR showers which are induced by the lightest particles (mostly protons, with possibly some fraction of He nuclei), an ankle-like feature is observed at ∼ 10 17 eV. This is exactly where one would expect a transition between the Galactic and the extragalactic protons, if the overall GCR/EGCR transition were located at the ankle, with a dominant Galactic Fe component at this energy. Now, let us try and summarize the situation relating to the GCR/EGCR transition.
In its most usual representation, the global cosmic ray spectrum is described as a power law, E −x , with a logarithmic index x ∼ 2.7 below the knee, then x ∼ 3.0 above the knee (and apparently an additional "kneelike" steepening around 10 17 eV, with x ∼ 3.3), and finally a hardening at the ankle, with a more complex shape up to the GZK cutoff.
When considering the GCR/EGCR transition, it is natural to expect a feature to be seen in the spectrum in the energy range where it occurs. Moreover, it is natural to expect this feature to be an ankle-like feature, rather than a knee-like feature. This is the reason why the ankle, around 3 × 10 18 eV, has been proposed since its discovery as the signature of the GCR/EGCR transition. In this interpretation, the steeply falling spectrum dominated by the Galactic particles is simply overtaken by the harder spectrum (e.g. because of the absence of an energy-dependent confinement in the Galaxy) dominated by the extragalactic ones. No particular finetuning or adjustment is required in this case: the flux ratio between the two components evolves steadily, and the transition simply occurs at the energy where the second component happens to exceed the first one.
On the contrary, it is a priori unlikely that the transition between two components occurs at a knee-like feature, where the second component is steeper than the first one. This would indeed require that the first component actually cuts off at the energy of the transition (otherwise its harder spectrum would continue to dominate), and that the second component actually begins at this energy (otherwise its flux would dominate already at lower energy, given its steeper spectrum). Moreover, the flux of the two components is required to be comparable at that very energy where the first one happens to end, and the second one to begin. Otherwise, there would be either a sudden drop or a sudden bump in the CR spectrum (see Fig. 2 ). This seems very unlikely, if the two components are not physically related, like in this case where the first one is Galactic, and the second one extragalactic. Now, let us consider the situation of the cosmic-ray spectrum:
1. we know that the low-energy cosmic rays have a Galactic origin; 2. we know that the highest-energy cosmic rays (almost certainly) have an extragalactic origin.
Therefore, a transition must occur somewhere, and this is likely to appear in the spectrum -a priori -as an ankle-like feature. Now, as a matter of fact: 3. an ankle-like feature is seen in the spectrum, around 3 EeV.
Qualitatively, as argued above, this suggests that the ankle does indeed mark the GCR/EGCR transition. Now, the recent progress in cosmic-ray studies has brought about additional information, which allows a more quantitative approach.
First:
4. the study of the UHECRs (notably their composition, see above) indicates that the EGCR component, which extends up to 10 20 eV, dominates the overall spectrum in the most natural way only above ∼ 1 to 3 EeV. This is indeed consistent with a GCR/EGCR transition at the ankle.
Second:
5. the KASCADE-Grande data show a transition between a soft and a hard component of light nuclei (presumably dominated by protons) at ∼ 10 17 eV (see the lowest line in Fig. 3 ).
This ankle-like break in the light CR spectrum, if interpreted as a transition between the GCR protons and the EGCR protons, would imply that the energy spectrum of the Galactic Fe nuclei extends up to the ankle in the all-particle spectrum, which is indeed what is also suggested by the KASCADE-Grande data (see the upper lines in Fig. 3 ).
Finally, it might be added that:
6. the Auger results regarding the large scale anisotropies of the cosmic-rays around the ankle imply that, if Galactic, these nuclei must be heavy (typically Fe nuclei), in order not to produce an excessive dipole-like anisotropy.
The whole set of available data is thus consistent with a rather natural and simple picture of both GCRs and EGCRs, which can be summarized as follows:
i. the ankle observed in the CR spectrum marks the transition from a dominantly Galactic component to a dominantly extragalactic component; ii. at this energy, the Galactic component is dominated by heavy nuclei (mostly Fe nuclei, presumably); iii. the GCR/EGCR transition for protons occurs at an energy of ∼ 10 17 eV;
iv. Galactic sources accelerate cosmic-rays up to an energy of ∼ Z × 10 17 eV (at least);
v. the EGCRs above the ankle exhibit a progressive transition towards heavier nuclei (probably reflecting the high-energy cutoff of the lighter nuclei at the source, as described within the framework of the so-called low proton E max models). Note that, in this picture, the knee in the CR spectrum appears to be a break in the Galactic proton spectrum, and the feature sometimes referred to as the "second knee" appears to be the corresponding break of the Galactic Fe component (see Fig. 3 ). Such a distribution of breaks occurring for different nuclei at an energy proportional to Z (i.e. at constant rigidity) is also consistent with the data collected by the KASCADE collaboration around the knee. From the theoretical point of view, such a break is indeed naturally expected, among other possibilities, as an effect of propagation of the CRs leaking out of the Galaxy (see [27] for a review, and e.g. [28] for a recent account, with refs. therein).
We have added a few guiding lines and energy reference points to Fig. 3 , to help following the global picture described above. This figure is from the KASCADEGrande collaboration, and the plain lines and data points are theirs, showing the heavy component (say, Fe, for simplicity: top lines) and the light component (say, protons: bottom lines). We have added the dashed lines, prolongating the plain lines.
Several points are interesting to note (see also It is thus fully consistent with a picture in which whatever occurs to the protons, producing a steepening in the spectrum, occurs in exactly the same way to Fe nuclei, with a shift in energy by a factor Z = 26. iii. If one extends the pre-ankle (Galactic) bottom line to lower energies, one obtains a rather natural match to the measured flux at the knee. This gives further, quantitative support to the above picture. iv. If one extends the post-ankle bottom line (extragalactic in the view presented here) to higher energies, one obtains a rather natural match to the measured flux at the ankle, marking a transition between the heavy-dominated GCRs and the lightdominated EGCRs.
Of course, one should remain cautious and not put too much weight on the exact levels of the different components. In particular, although the presence of an ankle in the lightest cosmic-rays at ∼ 10 17 eV appears to be firmly established, the interpretation of the KASCADE-Grande data in terms of definite composi- tion measurements depends on assumptions about the hadronic model used to describe the CR showers. However, we believe that the above (probably idealized) sketch is at least consistent with the current data, and offers a very simple and natural way to consider the different features observed in the spectrum as well as the transition from GCRs to EGCRs.
An additional comment should be made here. It has been objected that the Auger data on composition (related to both the average and the spread of the grammage corresponding to the maximum shower development in the atmosphere [14] ) are inconsistent with a picture in which heavy nuclei have a significant contribution to the flux in the ankle energy range. This is not correct. Although it is true indeed that the Auger data on composition around 1 EeV are consistent with cosmic rays being predominantly protons, it is also true that the data do not exclude, by no mean, a significant fraction of heavier nuclei, actually up to 50%, as confirmed by explicit analyses developed within the Auger collaboration (taking into account a combination of protons, He, C, N, O, sub-Fe and Fe nuclei). In any case, at this stage, the presence of a roughly similar amount of protons and nuclei, whatever their origin, in the energy range of the ankle, cannot be excluded on the basis of the data. On the contrary, such a mixed composition is precisely what the KASCADE-Grande data suggest, as can be seen for instance in Fig. 3 . If one were to argue that the Auger data exclude a non-negligible contribution of the heavy nuclei in the ankle energy range, then one would at best point a conflict between the Auger data and the KASCADE-Grande data, independently of any theoretical or phenomenological modeling. Our understanding of the data, however, based on discussions with involved members of both collaborations, is that no such conflict can be claimed today.
The maximum energy problem of the standard SNR-GCR connection
In the most consensual model for the origin of GCRs (which we refer to here as the SNR-GCR connection), the acceleration process is the so-called diffusive shock acceleration process (or DSA, see e.g. [29, 30] and refs. therein), and the acceleration of the cosmic rays occurs at the expanding forward shock of Galactic supernova remnants (SNRs), caused by the explosion of massive stars in the interstellar medium (as well as typeIa supernovae). A number of prototype sources, including the so-called historic SNRs, have been extensively studied. A complete modeling of the multi-wavelenght emission of these sources has been attempted and often very convincingly achieved, including both thermal and non-thermal emissions, shock dynamics, particle acceleration, ionisation, heating, magnetic field amplification, back-reaction of the energetic particles on the shock structure, etc. This represents a remarkable success of the field of high-energy astrophysics.
The fact that particles not only can be, but actually are accelerated at the shock of SNRs, is a necessary condition for the SNRs to be considered the sources of the GCRs. It is however not sufficient. Another necessary condition is that the total power of the supernovae in the Galaxy be sufficient to sustain the constant renewal of CRs. This condition appears to be met, indeed, and this is a key reason why the SNR-GCR connection has been so popular and so extensively studied. This condition is still not sufficient, however. If the SNRs are to be the sources of the GCRs, they must be able to accelerate particles according to a spectrum which, after propagation, matches the observed spectrum (and composition). This has long been recognized as a major challenge, notably because of the limitation imposed by the acceleration process itself to the maximum energy attained by the particles in the source.
The problem
It has been pointed out more than three decades ago that the diffusive shock acceleration process can hardly accelerate particles up to 10 13 eV, assuming the most standard conditions in the SNR environment [31] . This is more than two orders of magnitude below the knee. It was not considered as a show-stopper right away, however, because some hope remained that more detailed studies could push the limit higher and allow a significant fraction of the SNRs to "reach the knee". As a matter of fact, whether the maximum energy is limited by the acceleration time or by the size of the SNR, which must be (much) larger than the gyroradius of the particles that need to be confined in the vicinity of the shock, a key parameter is the magnetic field seen by the particles around the shock. Basically, both the particle gyroradii and the acceleration timescales are proportional to the amplitude of the magnetic field. Thus, if the latter is multiplied by 100, so will be the maximum energy too.
Such a large amplification of the ambient magnetic field around SNRs is indeed what has been suggested in the last decade, both on theoretical grounds, with resonant streaming instability as well as non-resonant, CR current driven instabilities (see e.g. the works of [32, 33, 34, 35, 36, 37, 38, 39] ), and on observational grounds, with the interpretation of the extreme thinness of the X-ray rims observed at the forward shock of SNRs as due to the synchrotron losses of the highestenergy electrons in the local, intense magnetic fields [40, 41, 42, 43, 44, 45, 46] .
However, even with such a large field amplification, by a factor of order 100, and even if one assumes that this can be maintained at the appropriate length scale to be fully profitable to particle acceleration, it remains very difficult for DSA to accelerate protons up to 1 PeV in SNRs. Now, even if it were possible, this would still be very far from what is needed to validate, at least in principle, the SNR-GCR connection. Indeed, the above study of the GCR/EGCR transition, in the light of the experimental data on the highest energy cosmic-rays, shows that the GCR sources must be able to accelerate protons at least up to ∼ 10 17 eV (and Fe nuclei up to the ankle). This is (at least) two orders of magnitude higher than what can be optimistically achieved by standard SNRs (note that, in most cases where a maximum proton energy could be estimated, this energy is actually much lower than 1 PeV, e.g. [44] , even though this may simply be because the acceleration phase during which PeV energies are reached is very short in time).
The "other source" solution
One solution to save the SNR-GCR connection is to invoke an additional source of GCRs. Basically, the SNRs would account for the GCR spectrum up to the knee, while another type of sources would account for the spectrum above that. This other component could be either Galactic, or extragalactic (as investigated recently in [21] ). This does not seem very likely, however, because the matching of the two independent components in a seamless knee-like structure is particularly difficult to achieve in practice (see above).
In the case of an additional Galactic component, one may also refer to Ockham's razor and note that, if another type of sources, still to be identified, is needed to explain the cosmic-ray flux up to the ankle, then there might be no need for SNRs at all (at least not as the main contributors to the GCRs), as these new sources might just as well dominate at lower energy too, instead of suddenly starting above the PeV energy range. This would solve the problem of matching two components through a knee.
The "subset" solution
Another interesting solution to save the SNR-GCR connection consists in invoking a subset of the SNRs, rather than a new type of sources, to fill the gap between the knee and the ankle. This is an attractive solution because there could then be no need to match two independent components in a seamless way. If most SNRs accelerate particles up to the knee, and a smaller and smaller subset manages to accelerate particles up to higher and higher energies (eventually reaching ∼ Z × 10 17 eV or above, the schematic picture presented above would be globally satisfied. The knee would then be the consequence of the reduction of the number of contributing sources rather than an effect of particle propagation in (and escape out of) the Galaxy.
For instance, the flux of GCRs above the knee could be due some exceptional SN explosions or failed gamma-ray bursts, or to SNRs which interact with the wind of the progenitor (massive) star during the first few years after the explosion ( [47, 48, 49] ).
Of course, it remains to be confirmed that this "subset solution" is viable in practice, i.e. that some SNRs can indeed accelerate particles up to Z × 10 17 eV. Such a demonstration would be a remarkable achievement, and it certainly is an important astrophysical question. According to [49] , in the case of SN 1993J, the proton maximum energy could have been as high as 2-3 10 16 eV, one or two days after the outburst. Although this is still short of what is needed, and although, according to [49] , it does not take into account some nonlinear effects pointed out by [50] which could reduce further the maximum energy, it suggests that the maximum GCR energies could be reached in a few exceptional sources, in some particular circumstances, so that the usual limitations pertaining to the most studied SNRs (in a later phase of their evolution) may not be directly relevant.
However, while this remains an open question, we wish to point out that the subset of sources needed to account for the whole GCR spectrum should not be a small subset, as discussed below. 
The size of the subset in the "subset solution"
Let us adopt the point of view that all SNRs accelerate protons with a power-law in E −x up to the knee, at E knee = 3 × 10 15 eV, or above, while only a smaller fraction of SNRs, α(E), accelerate protons with the same power-law up to an energy E > E knee or above. What is then the fraction of the SNRs, α(10 17 eV), which must accelerate protons up to 10 17 eV or above? One can find a lower limit to this fraction, by determining the "flux deficit", compared to the reference case where all sources would contribute all the way to 10 17 eV, without any spectral break. This is illustrated by the schematic view of Fig. 5 , where the plain line is the same as the bottom broken line in Fig. 4 (sketch of the proton component), and each dashed line represents the contribution of all the sources which contribute up to a given energy, where the dashed line touches the plain line (with an arbitrary cut-off above that energy). The change of slope across the knee, as obtained from the data, corresponds roughly to a change of index of 0.5. With a lever arm of ∼ 30 in energy, this represents a flux reduction factor (compared to the extrapolated value, shown by the red dashed line) of the order of 30 −0.5 ∼ 0.18. In other words, the fraction α(10 17 eV) of exceptional GCR sources which must be invoked in the framework of the "subset solution" is of the order of 15-20%, at least.
It is interesting to note that this estimate was made possible by the KASCADE-Grande data, which fix a point of reference for the proton component. Although the corresponding flux remains incertain, because of the uncertainty in the high-energy hadronic models, the cut in the data (to select the lightest showers) is presumably conservative, and the proton fraction is more likely to be somewhat larger than lower (M. Bertaina, private communication: the very existence of an ankle-like break in the data shows that there is not too much "pollution" by heavier nuclei).
The reason why we indicated that the above fraction is a lower limit is that this estimate does not take into account any other possible reduction factor in the comparison between the proton flux at ∼ 10 17 eV and the extrapolation of the proton flux below the knee. In particular, we assumed that there were no reduction due to a loss of confinement of the GCRs, or, more precisely, a change in the energy-dependence of the rate of leakage. This is most probably an "optimistic" view, and some models, on the contrary, estimate that the knee can be fully explained by the energy-dependent escape out of the Galaxy (see e.g. ref. [28] for a recent discussion). If the magnetic field assumed by these authors, with a coherence length of the turbulent component of the order of 5 pc, is confirmed to represent the Galactic magnetic field reasonably well, then the GCR source spectrum should show no break at all at the knee. In this case, 100% of the sources should accelerate protons up to 10 17 eV. In conclusion, depending on the actual level of the propagation/leakage effect, the "subset solution" requires a fraction of a least ∼ 20%, and possibly up to possibly 100% of the SNRs to accelerate protons up to 10 17 eV. This seems difficult in the current stage of knowledge, but future studies might demonstrate that this is nevertheless the case.
A few more elements
We have considered above some aspects of the SNR-GCR connection scenario, in the light of the recent data on cosmic rays above the knee(s), around the ankle(s) and up to the ultra-high-energy domain. The main result of these considerations is that the GCR sources should accelerate particles up to Z × 10 17 eV (or more), which seems to be a serious challenge for the diffusive shock acceleration process operating in the environment of standard, isolated SNRs. In this section, we briefly review some additional elements of the cosmic-ray phenomenology, which may be relevant to the general problem of the GCR origin.
Light element nucleosynthesis
A very important aspect of the low-energy CR phenomenology is related to the nuclear reactions suffered by the energetic particles, while they propagate from their sources to the Earth. These reactions result in a modification of their elemental and isotopic composition: the primary cosmic-rays, injected by the sources in the interstellar medium (ISM), can be destroyed by spallative reactions with the ambiant material and see their abundance decrease, while secondary particles can be produced in flight by these very reactions, and see their abundance increase. It is well known that the secondary-to-primary ratios can be used to derive the amount of material (or grammage, in g/cm 2 ) that the GCRs have gone through, as a function of energy. In the case of radioactive secondary nuclei, also called cosmicray clocks, the secondary-to-primary ratios are also used to derive the confinement time of the GCRs.
Among the secondary nuclei, the so-called light elements, Li, Be and B (or LiBeB, in short), are particularly important, because they are almost exclusively produced by the GCR-induced spallation reaction in the ISM (this is true at least for the 6 Li, 9 Be and 10 B isotopes). The main reactions are spallation reactions involving C, N and O nuclei (or CNO, in short). One can distinguish between two channels of this so-called spallative nucleosynthesis: the direct spallation, where protons and He nuclei among the GCRs break the CNO in the ISM, and produce LiBeB essentially at rest in the ISM, and the inverse spallation, where CNO nuclei among the GCRs are broken in flight into LiBeB nuclei, which thus remain part of the GCRs.
The LiBeB production rate in the Galaxy can be obtained by multiplying the appropriate energy average of the CR flux by the spallation cross section and the target (ISM) density, and integrating over space. It has been known for more than four decades that the correct amount of LiBeB in the Galaxy is obtained when integrating this production rate over the age of the Galaxy [51, 52] , which validates the general concept of GCRinduced spallative nucleosynthesis.
In the 1990's, however, a crisis appeared in this beautiful picture, following the measurement of the LiBeB abundace is the atmosphere of very low-metallicity stars in the Galaxy. According to the standard GCR scenario, the LiBeB isotopes are the perfect prototypes of secondary isotopes in the chemical evolution of the Galaxy. Indeed, to synthesize a LiBeB nucleus, one first needs to have CNO nuclei to break. The LiBeB production rate is directly proportional to the CNO abundance in the ISM (for the direct spallation) or in the GCRs (for the inverse spallation). In the very early Galaxy, say at the first generation of stars, there were essentially no CNO in the ISM, so the LiBeB production rate was essentially zero. Likewise, the shocks of the first generation of supernovae had no CNO to accelerate, so the LiBeB production rate by reverse spallation was also essentially zero. The efficiency of the process then increased with time (or "chemical time"), depending directly on the ambiant metallicity.
Let Z(t) be the metallicity of the Galaxy at time t of its chemical evolution (say, the abundance of CNO, for simplicity, which is a good tracer in the early Galaxy). It is roughly proportional to the total number of supernovaae, SN(t), which have exploded up to time t (especially in the early Galaxy, where type Ia SNe do not play an important role). In the standard SNR-GCR connection scenario, the flux of GCRs at time t is proportional to the SN rate, d[SN(t)]/dt. Then, the LiBeB production rate d[LiBeB(t)]/dt, whether by direct or inverse spallation, is proportional to Z(t) (whether the target or the source metallicity) and to the GCR flux, i.e. d[SN(t)]dt. Finally, one finds that d[LiBeB(t)]/dt ∝ ZdZ/dt, which integrates into LiBeB(Z) ∝ Z 2 . This is the standard behavior for a secondary element: as the Galactic chemical evolution proceeds, its abundance grows proportionally to the square of the metalliticity, or, if one prefers, its abundance ratio to the abundance of O, say, is proportional to the metallicity. Now, what has been observed is that the ratio of the LiBeB abundance to the O abundance is actually constant (see [53] for a review, and refs. therein [54, 55, 56, 57, 58, 59, 60] ). In other words, the LiBeB elements behave as primary elements, not secondary ones! This is in direct contradiction with the prediction of the standard SNR-GCR connection scenario.
In order to reproduce this primary behavior, LiBeB production models must ensure that the production rate is independent of the preexisting amount of CNO in the ISM. This is definitely impossible if the sources of the GCRs are SNRs propagating in the standard ISM, accelerating the ambiant material.
A possibility could be that the SNe manage to accelerate their own ejecta. Unfortunately, this is strongly believed not to be the case, because of the inefficiency of the reverse shock, and because the fast moving ejecta which could exceptionally cross the forward shock of the SNR (e.g. through hydrodynamical instabilities) would remain insignificant. The other possibility could be that the particles accelerated at the forward shock and advected downstream towards the interior of the SNR could interact with the CNO of the SN ejecta, if sufficient mixing of the material occurs and the energetic particles can diffuse to a region where a significant abundance of CNO is present. Unfortunately again, detailed analyses show that such a process cannot be efficient enough [61, 62] (Tatischeff, private communication).
In conclusion, the standard SNR-GCR scenario has been shown to be inconsistent with the observational data on LiBeB chemical evolution. This is a serious problem which should be considered attentively when investigating the GCR origin problem.
However, the LiBeB evolution problem has a wellknown solution, through the so-called superbubble model, which is relevant also in the light of the remarks below.
Superbubbles vs. isolated SNRs

SN power
One of the main arguments in favor of the standard SNR-GCR connection is that the power needed to maintain the GCR flux throughout the Galaxy is around 10%-20% of the total kinetic power of the SN shock waves, and that this fraction is compatible with the expected efficiency of the diffusive shock acceleration (DSA) process in SNRs.
However, most of the studies of DSA concentrate on isolated SNRs, corresponding to SNe exploding in an environment representative of the general ISM, possibly with some density gradient, but usually smooth on the scale of the shock. In the modeling of particular SNRs, the interaction of the shock with dense clouds can and sometimes must be taken into account, but such interactions are usually take place in a given region, and the main effect is a local modification of the density of the ambiant medium and of the shock parameters.
It is well known, however, that most SNe are not isolated from one another. The vast majority of the massive stars in the Galaxy are born in groups called OB associations, in star formation episodes which are localized in both space and time. Because the massive stars are short lived, they do not have time to wander far away from their siblings before they enter the final stages of their evolution and eventually explode as supernovae. As a consequence, OB associations give rise to repeated SN explosions, also preceded by powerful massive stellar winds, injecting a very large amount of energy in a relatively small region of space. This energy input, by both stellar winds and SN explosions, results in the formation and growth of vast structures, much larger than SNRs, referred to as superbublles. The basic properties and evolution of these superbubbles, which are observed in large numbers in the Milky-Way and nearby galaxies, have been studied and modeled since decades (e.g. [63, 64, 65, 66, 67, 68, 69] ).
From the point of view of the GCR origin, the main consequence of this fact is that most of the SN power injected in the Galaxy is actually not released in the ISM through isolated SN events, but inside superbubbles. Overall, probably 90 ± 10% of the core-collapse supernovae, and ∼ 75% of all Galactic supernovaeoccur inside a superbubble (e.g. [70, 71] ).
Particle acceleration and maximum energy
A natural question to ask, then, is whether this does or does not make a difference regarding particle acceleration. This question has been addressed in a systematic way as early as in the 1990's, notably by Bykov and collaborators [72, 73, 74, 75] . It was further shown that collective acceleration effects (rather than a series of individual and independent acceleration events, by successive supernovaae) should indeed be expected in the environment of OB associations [76] . The specificity of particle acceleration inside superbubbles is due to the presence of an ensemble of shocks with a distribution of Mach numbers, produced by the interaction of stellar winds, SN shocks and reflected shocks off denser clumps, in an otherwise hot, tenuous and presumably highly magnetized medium, where an intense supersonic turbulence is expected to be found.
Theoretical studies of particle accelerationinside a superbubble (see [75] and refs. therein) suggest that acceleration could indeed be very efficient, with a large power conversion factor on average (although the flux of energetic particles is probably subject to strong intermittency), which could also help solving the so-called superbubble energy crisis [77] . The resulting energy spectrum is also time-dependent, but once integrated over time, it is likely to be a power-law with a rather steep index, compatible with the inferred GCR source spectrum [75] .
Admittedly, this conclusion is still preliminary, since the typical parameters of a real-life superbubble are not well known, and little observations can be called upon to verify the main predictions of the models. This is mostly due to the large angular scale of the nearby superbubbles and the diffuse nature of the associated non thermal emission, which makes decisive X-ray and gamma-ray observations very difficult, with predicted flux below the current detection capabilities. However, a key aspect of particle acceleration inside superbubbles is that it does not suffer from the same limitation as isolated SNRs regarding the maximum energy. Simple order-of-magnitude estimates, confirmed by more detailed numerical calculations, show that superbubbles should indeed be able to accelerate particles up to Z × 10 17 eV [73, 75] . To date, there is no complete and definite alternative model for the origin of GCRs based on superbubbles, notably because these environments are still poorly known from the observational point of view and because the number of actual theoretical studies of particle acceleration inside superbubbles is very limited. However, we believe that, if SNe are indeed to be the main power source of GCRs, then superbubbles must be taken into account seriously in any GCR source model, because this is the place where most of this power is released.
LiBeB evolution
Besides, as anticipated above, superbubbles offer the only known solution to the LiBeB evolution problem. The way this solution works is as simple as inevitable: when supernovae explode repeatedly inside a superbubble, the ambiant medium swept up by a given supernova shock is enriched in the ejecta of the previous SNe and massive stellar winds. In this way, although it is essentially impossible for a supernova to accelerate efficiently its own ejecta and thus produce LiBeB isotopes with high efficiency in a very metal-poor environment, a superbubble, as a whole, can easily accelerate the ejecta of several tens of SNe whose progenitors belong to the same OB association, before they disperse and mix with the ambiant medium. In such an environment, the metallicity of the accelerated particles does not depend strongly on the preexisting metallicity of the ISM (especially in the very early Galaxy, where the LiBeB problem is most acute), and the GCR-induced LiBeB production efficiency is essentially independent of time, as required by the data.
Detailed quantitative studies have shown that this simple idea does indeed meet the observational requirements in a very natural way. For more details about how this works in practice, see [78, 79, 80, 81, 70, 71] .
It is not clear to us why the LiBeB evolution problem, where an observational fact appears to be in direct contraction with the standard SNR-GCR connection scenario (supported by many observational and theoretical studies over nearly two decades and for which a consensus has been reached in the community) is not taken into account in a more systematic way in the discussions about the origin of cosmic rays.
Isotopic anomalies
Another important clue about the cosmic-ray origin is the GCR source composition, which can be inferred from the measured composition, after an appropriate account of the nuclear reactions taking place during the particle transport to the Earth.
For instance, it is known since the 1970's that the GCR source composition is particularly rich in 22 Ne [82, 83, 84, 85] , the 22 Ne/ 20 Ne isotopic ratio being ∼ 5 times larger in the GCR source composition than in the solar wind ( [86, 87] and references therein). This isotopic ratio is definitely larger than would be expected if isolated SNRs were the main GCR sources. If, on the contrary, GCRs originate mostly from superbubbles, then the 22 Ne excess can be easily understood as resulting from the pre-enrichment of the accelerated material by the ejecta of massive stars, since 22 Ne is essentially released in the ISM by the winds of Wolf-Rayet stars (see [88, 89, 90, 87] for more detail).
Note that 22 Ne is not the only isotope pointing towards an enrichment of the GCR source material by massive star's ejecta. As noted by [87] , the three largest GCR isotopic anomalies predicted by Wolf-Rayet models, 12 C/ 16 O, 22 Ne/ 20 Ne and 58 Fe/ 56 Fe, are present in the GCRs. The authors conclude that superbubbles are the likely source of, at least, a substantial fraction of the GCRs. Likewise, [71] argue that ∼ 88% of the cosmicray heavy particles are accelerated inside superbubbles.
At this point, it isalso worth mentioning that extended observational capability in the MeV range would be very valuable to confront models of GCR origin with in situ data on the composition of the accelerated particles. Many important nuclear de-excitation lines lie in this energy range. If sensitive enough instruments could detect such γ-ray lines inside or close to a given acceleration site, one could directly confront the energetic particle composition with the required composition of the GCRs at their source, and even access isotopic ratios. These ratios are particularly discriminative in this perspective, because they are not sensitive to any of the potentially complex chemical processes which may play a role in the way different particles are injected into the acceleration process (e.g. [91] ). Theoretical estimates and predictions regarding such nuclear deexcitation lines have been discussed in a general context for several decades [92, 93] , and also explicitly in the context of constraining the origin of cosmic-rays [94] , underlying the importance of project missions such as GRISP [95] . A similar point, connecting energetic particles and nuclear de-excitation lines, had also been emphasized in the context of the above-mentioned LiBeB problem [96] .
Distribution of GCRs across the Galaxy
Finally, we briefly mention that a superbubble origin of (at least some of) the GCRs would also have some consequences on their transport across the Galaxy. It is well known that the distribution of GCRs shows very little anisotropy at the Earth, even at high energy, and that their flux appears quite homogeneous throughout the Galaxy. This last point is not so easy to reconcile with the idea that the GCR sources are individual SNRs, with a distribution similar to that of the molecular gas in the disk of the Galaxy. A much larger concentration of sources would then be expected in the so-called molecular ring, at a galactocentric radius r 5 kpc, which should somehow reflect in the distribution of the GCR density. This problem may not be so severe, and solutions may be proposed, notably by assuming a very large confinement "halo" extending far away from the Galactic disk (beyond 5 kpc).
However, it is interesting to note that if most GCRs are initially accelerated inside superbubbles, their effective injection in the general ISM should be quite different from what would be otherwise expected. Indeed, superbubbles are known to eventually "breakout" the Galactic disk, as they grow asymmetrically in the direction opposite to the density gradient, away from the central plane (see e.g. [66, 69, 97] ). As the superbubbles blow out of the disk, a substantial fraction of the energetic particles in their interior should be driven directly into the halo, where they can diffuse more efficiently and "rain down" back to the disk in a more homogeneous way.
We believe that such a phenomenon should be kept in mind when addressing the general question of GCR transport in the Galaxy.
Conclusion
In this paper, we have examined the question of the Galactic cosmic ray origin in an enlarged context, taking into account the data available at ultra-high-energy, and paying particular attention to the transition between the Galactic and the extragalactic components of cosmic rays, in the light of the recent KASCADE-Grande data.
We have shown that the data strongly suggest that (and can be understood in a very natural way if) the overall GCR/EGCR transition occurs at the ankle, around 3 × 10 18 eV, while the extragalactic protons start to dominate over Galactic protons above ∼ 10 17 eV. An important consequence is that the GCR sources must be able to accelerate protons with a relatively smooth spectrum (at least) up to 10 17 eV. This is a serious problem for the standard SNR-GCR connection scenario. While the viability of this standard scenario could be saved if a subset of SNRs could be demonstrated to achieve such high energies, we have shown that this subset of sources should not be small. The "exceptional" accelerators should represent at least 20% of all the source (in terms of power), assuming that particle propagation in the Galactic magnetic field plays no role at all in shaping the knee in the GCR spectrum, or up to 100% if the knee is entirely due to such effects. In the latter case, the GCR source spectrum could thus a be a simple power-law up to the highest energies achieved in the Galactic accelerators -a rather attractive possibility, from the point of view of simplicity.
Given the importance of UHECRs to draw a global picture of the cosmic ray phenomenon over the whole energy range, we note that future extensions and/or enhancements of the Telescope Array and Auger experiments could provide interesting new data in the coming years. Likewise, at the highest energy end of the spectrum, the JEM-EUSO space mission should mark a decisive step towards the long sought cosmic-ray astronomy, thanks to its unprecedented aperture [98] .
We have then turned to a very important aspect of the GCR phenomenology, namely the nucleosynthesis and Galactic evolution of the light elements: Li, Be and B. We recalled that the standard SNR-GCR connection scenario fails to account for the primary behavior of the LiBeB in the early Galaxy, and that isolated supernovae simply cannot have been the main sources of the GCRs in the past. The consensus concerning the LiBeB evolution problem is that most cosmic rays have been (and thus probably still are) accelerated inside superbubbles, in an environment which is highly enriched in freshly synthesized material released by the winds of massive stars and SN explosions.
We recalled that this is anyway a rather natural expectation, given that the main part of the SN power in the Galaxy is released inside superbubbles.
In addition, we recalled that the superbubble origin of most of the GCRs has also been invoked in a different context, to solve some persistent problems related to isotopic anomalies in the source composition of GCRs. Since isotopic ratios are not subject to selection effects based on chemistry (like the refractory/volatile segregation, [91] ), these data are important clues which should be considered with great attention when tackling the GCR origin puzzle.
It might be argued that whether the acceleration of most GCRs takes place in superbubbles or not does not change much the standard SNR-GCR connection after all, since the latter scenario does not explicitly mention in which environment the SNR shock actually propagates. However, theoretical studies strongly suggest that particle acceleration processes inside superbubbles should be significantly different from the standard diffusive shock acceleration mechanism at the well-defined shocks of individual SNRs. Not only does a SNR shock propagate differently in the hot, tenuous and turbulent medium of a superbubble, but collective effects are expected to be important [75, 44] , and the interaction of multiple primary and secondary shocks should lead to the establishment of a complex supersonic magnetic turbulence, and a specific acceleration mechanism (see references above).
Another important specificity of superbubbles, of course, is that they do not appear to suffer from the same limitations as the individual SNRs regarding the maximum energy. If GCR sources do indeed have to accelerate particles up to ∼ Z × 10 17 eV, as argued above, superbubbles should be a natural candidate.
It should be reminded that there is not yet a fully established model of particle acceleration inside superbubbles. Important works have been published in this framework over the years, but a more dedicated interest of the community would be needed to explore this possibility and see whether a complete model of the GCR origin could be designed in this framework and tested in a more direct way. This will also require increased observational capability, e.g. in the MeV range, where nuclear de-excitation lines could be detected. In this respect, as well as for direct energetic particle composition measurements (cf. Sect. 5.2.4), project missions such as GRIPS [94] or the Compton Cube [99] would be extremely valuable.
Overall, we hope that this paper can contribute to a general effort to open a larger perspective in the search for the origin of cosmic-rays, which goes beyond the standard SNR-GCR connection and takes into account a wide range of data, including GCR source composition, spectrum, homogeneity and anisotropy, as well as the data recently collected in the energy range of the ankle and on ultra-high-energy cosmic rays. This may also release some pressure on the modeling of SNRs. It is our feeling that, for historical reasons, a number of authors interested in the modeling of the multi-wavelength emission of individual SNRs feel the need that their models, often very successful indeed, account in addition for the various aspects of the GCR phenomenology. This may not be required if the kind of individual SNRs they are mostly interested in are actually not the main sources of cosmic-rays. . .
